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Many canonical processes in molecular biology rely
on the dynamic assembly of higher-order nucleopro-
tein complexes. In bacteria, the assembly mecha-
nism of ParABS, the nucleoprotein super-complex
that actively segregates the bacterial chromosome
and many plasmids, remains elusive. We combined
super-resolution microscopy, quantitative genome-
wide surveys, biochemistry, and mathematical
modeling to investigate the assembly of ParB at the
centromere-like sequences parS. We found that
nearly all ParB molecules are actively confined
around parS by a network of synergistic protein-pro-
tein and protein-DNA interactions. Interrogation of
the empirically determined, high-resolution ParB
genomic distribution with modeling suggests that
instead of binding only to specific sequences and
subsequently spreading, ParB binds stochastically
around parS over long distances. We propose a
new model for the formation of the ParABS partition
complex based on nucleation and caging: ParB
forms a dynamic lattice with the DNA around parS.
This assemblymodel and approach to characterizing
large-scale, dynamic interactions between macro-
molecules may be generalizable to many unrelated
machineries that self-assemble in superstructures.
INTRODUCTION
The function ofmany cellular structures is intrinsic to their cellular
localization and mechanism of assembly. A striking example of
such an assembly is the DNA segregation apparatus. In most
bacteria, active DNA segregation is driven by three-component
partition machineries (reviewed in Salje, 2010). Type I partition
systems, which are themost prevalent in low copy-number plas-
mids and the only type present on bacterial chromosomes, are
generically called ParABS. The ParB family members specificallyrecognize DNA sequences (parS) and assemble a higher-order
nucleoprotein complex, named the partition complex. Bacterial
parS sites are cytologically different from eukaryotic centro-
meres but are functionally equivalent: they assemble multi-pro-
tein structures that ensure active bacterial DNA segregation.
They are hereafter called parS centromeres.
After centromere replication, the formation of the partition
complex promotes segregation of plasmids or chromosomes
to daughter cells by interacting with its cognate protein, ParA
(Bouet and Funnell, 1999; for a review, see Vecchiarelli et al.,
2012). In type II and III partition systems, the partition complex
architecture is structurally well defined and displays DNA-pro-
tein filaments with centromere sequences wrapped around a he-
lical scaffold made of centromere-binding proteins (Aylett and
Lo¨we, 2012; Møller-Jensen et al., 2007; Salje and Lo¨we, 2008;
Schumacher et al., 2007). In contrast, in type I partition systems,
the overall organization and architecture of partition complexes
are not known. The determination of the partition complex scaf-
fold and assembly mechanism is key to decipher its precise
role in the regulation and dynamics of bacterial chromosome
segregation.
ParB proteins share a general organization with three func-
tional modules: a N-terminal domain that interacts with ParA
(Surtees and Funnell, 1999) and stimulates its ATP hydrolysis
(Ah-Seng et al., 2009), a central domain for binding to parS
and non-specific DNA (nsDNA) binding (Sanchez et al., 2013),
and a C-terminal dimerization domain (Surtees and Funnell,
1999). The primary binding of ParB to parS is well characterized
(Bouet et al., 2000; Funnell, 1991; Lin and Grossman, 1998; Pillet
et al., 2011; Schumacher and Funnell, 2005). Initially, the pro-
posed assembly of a higher-order structure on centromeres
was based on measurements of F plasmid supercoiling (Biek
and Shi, 1994) and gene silencing in the vicinity of parS upon
ParB binding (Lynch and Wang, 1995). At physiological levels,
ParB binds over a large region flanking parS sites on plasmids,
up to 12 kilobases (kb; Rodionov et al., 1999) and chromosomes
(more than 10 kb; Breier andGrossman, 2007). Twomodels were
proposed to describe the assembly of partition complexes
involved in active DNA segregation. The lateral spreadingmodel,
also called the ParB filament model (Figure 1A), proposed that
nearest-neighbor interactions between ParB sub-units lead toCell Systems 1, 163–173, August 26, 2015 ª2015 Elsevier Inc. 163
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Figure 1. Current Models for ParB Spreading and Partition Complex
Assembly
Schematic representation of the main currently proposed mechanisms for the
assembly of partition complexes. The ParB dimer (dark blue ovoids) binds
specifically to the parS centromere site (black rectangle).
(A) 1D spreading. ParB dimers propagate by nearest-neighbor interactions in
1D following the DNA track (black line) and form filaments away from parS in
both directions.
(B) 1D polymerization, bridging, and looping. ParB dimers form (short) 1D fil-
aments on parS and on nsDNA by nearest-neighbor interactions. By bridging
together, these patches of ParB induce the formation of DNA loops.one-dimensional (1D) spreading of ParB from parS sites (Murray
et al., 2006; Rodionov et al., 1999). More recently, the spreading
and bridging model (Figure 1B) proposed that in addition to 1D
spreading, ParB-mediated 3D bridging and looping allows
ParB to cover large distances away from parS (Broedersz
et al., 2014; Graham et al., 2014; Taylor et al., 2015). However,
several lines of evidence do not conform to these models. In
particular, the latter model relies on studies analyzing ParB bind-
ing to flow-stretched DNA in which no effect of the presence of
parS was detected. This contradicts in vivo data showing that
the absence of parS sites prevents the formation of clusters (Erd-
mann et al., 1999).
To shed light on the assembly mechanism of type I partition
complexes, we used the archetypical type I partition system of
the F plasmid SopABC (hereafter referred as ParABSF) and
applied a unique combination of in vivo and in vitro approaches.
Super-resolution microscopy was used to determine the sub-
cellular localization of partition complexes with nanometer preci-
sion and quantify, at the single-molecule level, the relative
proportions of ParBF in and out of these complexes across
time. Genome-wide methods were used to obtain the distribu-
tion of ParBF binding along DNA at nucleotide resolution, while
biochemical methods provided insight into the molecular mech-
anism of partition complex formation. In addition, we provide a
theoretical framework that synthesizes our findings into a single
new model in which a network of stochastic, dynamic interac-
tions of ParBF leads to the partition complex assembly. Our
model has major implications for the mechanism of active DNA
segregation in bacteria and may be generalizable to all ParBs
involved in active DNA segregation and similar machineries in
prokaryotes and eukaryotes.
RESULTS
Most of the ParBF Cellular Pool Dynamically Localizes to
Diffraction-Limited Partition Complexes
Partition complexes are formed by the specific binding of ParB
to parS, whereas their cellular localization is dictated by the
ParA ATPase. Interestingly, ParBF is present in a large excess164 Cell Systems 1, 163–173, August 26, 2015 ª2015 Elsevier Inc.(800 dimers) with respect to the number of centromeres in
the cell (200 dimers per parSF sequence; Adachi et al., 2006;
Bouet et al., 2005). This large excess of ParBF may be required
for maintenance of the structural cohesion of partition com-
plexes. Alternatively, this excess may be involved in the oscilla-
tion behavior of ParA, leading to the transport of partition
complexes. To discern between these possibilities, we turned
to single-molecule localization microscopy (SMLM), a method
that allows for the detection and localization of individual mole-
cules at the nanometer scale (Betzig et al., 2006; Hess et al.,
2006; Rust et al., 2006).
First, we investigated the cellular localization of single ParBF
molecules in live cells. We tagged ParBF with a monomeric
photo-activatable fluorescent protein (mEos2) and employed a
microfluidics-coupled, PALM (photo-activated localization mi-
croscopy) microscope to perform automatic, high-throughput,
super-resolution detection and analysis (Cattoni et al., 2013;
Fiche et al., 2013) of ParBF-mEos2 localization in live cells. As
a control, an equivalent fusion of ParBF with monomeric Venus
was constructed (ParBF-mVenus). In experimental conditions
identical to those used for SMLM,mini-F plasmids were fully sta-
ble, ParA oscillation behavior was unperturbed, and expression
levels of tagged ParB were comparable to wild-type ParB levels
(Figures S1B–S1E).
Epi-fluorescence visualization of non-photo-activated ParBF-
mEos2 resulted in a similar localization pattern to that observed
for ParBF-mVenus (Figures 2A, 2B, and S1D). Foci detected by
conventional epi-fluorescence imaging and SMLM were posi-
tioned at midcell for cells with a single cluster and at the
quarter-cell position for cells with two clusters (Figure 2D). To
investigate the spatial distribution of ParBF, single-molecule lo-
calizations were displayed in a pointillist representation (Figures
2Ei, S2Ai, S2Bi, and S2Ci). The majority of molecules were found
at the locations of the foci, and few molecules were detected
outside the foci (i.e., freely diffusing ParBF). To further study
the internal organization of the foci, we quantified the spatial
density of ParBF molecules employing an exploratory radius of
100 nm (Figures 2Eii, S2Aii, S2Bii, and S2Cii; see Experimental
Procedures). This analysis confirmed that the majority of ParBF
molecules are positioned within a small central region of the
partition complex. To detect whether the partition complexes
were dynamic, we split the total acquisition time into three time
windows and represented the localization density maps for
each time window (Figures 2Eiii, S2Aiii, S2Biii, and S2Ciii; the
first time window is shown in red, the second is in green, and
the last is in blue). Most of the foci show several colors, suggest-
ing that despite being restricted to a small spatial region, parti-
tion complexes display dynamic behavior on the second or
minute scale. This dynamic behavior suggests that ParB-parS
partition complexes have a physical size that is smaller than
that assumed from conventional microscopy techniques. The
observed size of ParBF clusters represents confinement zones
of ParB whose size is determined by the combination of the
true size of the assembled partition complexes and its inherent
dynamics.
To further quantify the cellular distribution of individual ParBF-
mEos2 molecules and the confinement zone sizes, single-mole-
cule localization events were automatically clustered (Cattoni
et al., 2013). To ensure that clusters were not associated with
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Figure 2. ParBF Assembles into Complexes Smaller Than 75 nm in Radius by Interacting Specifically with parSF
(A and B) Conventional epi-fluorescence images of E. coli cells, in which ParBF (green) tagged with mVenus (A) or photo-activatable mEos2 (B) assemble in
diffraction-limited foci.
(C) Individual ParBF proteins, which were detected by PALM microscopy and rendered into a super-resolution image, where the diameter of spots reflects the
precision of the localization of each single-molecule event.
(D) Intracellular positioning of ParBF-mVenus (gray columns) and ParBF-mEos2 (green columns) from the cell edge for one focus (left panel) and two foci (right
panel) containing cells as a function of the relative cell length. The number (N) of cells measured is indicated on each panel.
(E) The majority of ParBF assembled into dynamic partition complexes restricted to small confinement zones. (i) Pointillist reconstruction, where each single-
molecule event detected is represented by a single green dot. (ii) Single-molecule density plot. Molecules (N) were grouped together using a maximum
exploratory radius of 100 nm (dThresh < 100 nm) and density calculated as N per cell area. The colored scale bar represents the normalized number of detected
events per square micrometer. (iii) Temporal localization of single-molecule events. Total imaging time was divided into three color-coded fractions (red, green,
and blue represent the first, second, and third fraction of total time, respectively). Single molecules were colored according to the fraction of time in which they
were detected and combined in a red, green, and blue additive color model (e.g., yellow represents a spatial zone where independent single molecules were
detected in the first and second fractions of imaging time, red + green).
(F) Representative time traces of emission intensity (blue line) for representative ParBF-mEos2 foci. Inset: zoom of the trace forming the main plot in the second
timescale.
(G) Histogram of ParBF confinement zone size distribution. The diameter of each confinement zone was computed from the full-width at half-maximum value,
resulting from a two-dimensional Gaussian fitting to the spatial distribution of single-molecule events belonging to a cluster. The frequencies of the confinement
zone diameters were plotted with a binning size of 15 nm. The solid gray line represents the fit of a Gaussian distribution to the experimental data (n = 816) with
best-fitting parameters values: mean (m) and SD (s) = 150 ± 20 nm.
(H and I) (i–iii) ParBF binding to DNA and parSF, which is essential for complex assembly. (i) Pointillist representation of single-molecule events detected by PALM
imaging of ParBF-mEos2 variants deficient either in parSF binding (H) or in DNA binding (I) do not form spatial clusters (ii), and ParBF appears homogeneously
distributed in time through the cytoplasm (iii). Color codes are as in (E).
Scale bars represent 500 nm in all images. Orange dotted lines represent cell outlines.simultaneous multiple detection events or detection of the same
ParBF-mEos2 molecule during several consecutive frames (i.e.,
fluorescence blinking; Annibale et al., 2011a), we analyzed the
emission intensity time traces of individual confinement zones.
Figure 2F shows that in our PALM imaging conditions, (1) a singleemitter per point-spread function is detected at any given time
and (2) single events are separated in time for periods longer
than the reported fluorescence off-time for mEos2 (inset; toff-
mEos2 is 0.1–0.5 s; Annibale et al., 2011b; Lee et al., 2012).
Thus, clusters are not associated with reactivation-inducedCell Systems 1, 163–173, August 26, 2015 ª2015 Elsevier Inc. 165
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Figure 3. Majority of ParBF Present in the
Cell Is Recruited to the Partition Complexes
(A) Total ParBF composition per individual cells.
The total number of single-molecule events is
plotted as a frequency distribution for each de-
tected cell (n = 416).
(B) Total number of ParBF events per cell (n = 416),
which is proportional to the number of clusters.
The average number of total events (green dots)
and events belonging to clusters (blue squares) are
plotted as a function of the number of foci present
in the cell. Solid and dashed lines are only guides
to the eye. Error bars represent the SEM.
(C and D) ParBF clusters containing 90% of the
total ParBF present in the cell. (C) Number of sin-
gle-molecule events belonging to a cluster (blue
solid squares) and freely diffusing (green empty
circles) per cell (n = 416). Solid lines represent the
mean value of events belonging to clusters (tur-
quoise) and freely diffusing ParBF (dark green).
(D) Frequency distribution (as a percentage) of
diffuse (green columns) and cluster-associated
(blue columns) ParBF molecules as a function of
the number of events per cell. Inset: frequency plot
of the ratio between the freely diffusing and the
total number of ParBF present in each cell.artifacts of mEos2, and no large under- or overcounting errors of
ParBF-mEos2 are introduced (explained later). By analyzing the
spatial distribution of individual ParBF molecules present in
each detected cluster (Nclusters = 816), we found that the
confinement region of ParBF/parSF complexes has a size
of 150 nm (measured by the full width at half-maximum of
the distribution of localizations; Figure 2G). Finally, to discard
any clustering artifact due to the presence of the photo-activat-
able tag (Landgraf et al., 2012), we designed ParBF-mEos2 mu-
tants deficient in DNA-binding activity (triple mutation in the
helix-turn-helix [HTH] domain; Ah-Seng et al., 2009) or specif-
ically compromised for parSF binding (Sanchez et al., 2013).
Under imaging conditions identical to those used for wild-type
strains, we observed that mutants exhibited a homogeneous
cellular distribution in both space and time (Figures 2H, 2I,
S2B, and S2C), consistent with ParBF-mEos2 clusters detected
by SMLM requiring specific ParBF interactions with parSF.
Detection of rapidly moving ParBF species—such as ParBF di-
mers freely diffusing or interacting rapidly with nsDNA—requires
fast acquisition rates; otherwise, image blurring during acquisi-
tion can lead to undetected particles, thus biasing the resulting
super-resolution image. However, the sub-cellular localization
of ParBF in wild-type or mutant strains was not affected by a
considerable reduction in acquisition rate (from 50 to 15 ms),
indicating that freely diffusing ParBF dimers represented a very
small proportion of detected localizations. Finally, cells with
ParBF devoid of the mEos2 tag showed barely any detectable
single-molecule event under the same imaging conditions (Fig-166 Cell Systems 1, 163–173, August 26, 2015 ª2015 Elsevier Inc.ure S2D); thus, background fluorescence
did not contribute to the detected
localizations.
In SMLM, the number of detected
single-molecule localization events (N)does not represent the number of absolute proteins, as photo-
activatable proteins display stochastic blinking behavior (De-
schout et al., 2014) and can exhibit low photo-conversion
efficiencies (Durisic et al., 2014), premature photo-bleaching,
or partial misfolding. However, N increases with the number of
single emitters and can be used to obtain relative measures of
the total number of proteins in cells and the proportions of pro-
teins associated or not associated with partition complexes.
When analyzing the total number of localization events per cell,
we observed a large, heterogeneous distribution reflecting the
stochastic behavior of the probe, as well as heterogeneities in
the number of foci per cell and in the number of ParBF molecules
per partition complex (Figure 3A). Interestingly, the total average
number of localization events per cell was directly proportional to
the number of foci per cell (Figure 3B), whereas single ParBF/
parSF complexes contained a constant number of localization
events independent of the number of foci per cell. These results
reveal that there is probably a minimal number of ParBF required
to form active partition complexes and that ParBF is redistributed
among those complexes as a function of the number of plasmids
present in the cell. Next, we determined the proportion of local-
izations belonging or not belonging to partition complexes. Most
ParBF (1,100 localizations on average) was contained within
the confinement zones defined by the partition complexes, while
a minority of ParBF (180 localizations) was found outside (Fig-
ure 3C). By analyzing the distribution in the number of localiza-
tions per cell, we observed that most cells (85%) contained
fewer than 200 localizations outside partition complexes, while
the partition complex displayed more than 500 events in most
cells (60%; Figure 3D). By calculating the ratio between locali-
zations outside and those inside partition complexes, we can es-
timate the proportion of the cellular pool of ParBF molecules
residing within a partition complex. Most cells showed a ratio
below 0.1 (Figure 3D inset), indicating that more than 90% of
ParBF molecules were concentrated within active partition com-
plexes. This analysis combines all cells independent of the
number of partition complexes per cell, because no significant
differences were observed when cells having one, two, or three
partition complexes were analyzed separately (compare Fig-
ure 3D with Figure S3). Most of the excess ParBF molecules are
thus trapped close to the centromeres with a ParBF concentra-
tion probably approaching the micromolar-to-millimolar range.
ParBF Binds Stochastically over a Large Region of
Centromere-Flanking DNA
In vivo, ParBF forms highly confined clusters that localize to
defined sub-cellular locations. Importantly, the size and cellular
location of these clusters are in part determined by specific inter-
actions with centromere sequences (as explained earlier). To
further investigate the architecture and mechanism of the as-
sembly of partition complexes, we turned to chromatin immuno-
precipitation sequencing (ChIP-seq) analysis. Specifically, after
formaldehyde treatments of F plasmid-carrying cells, DNA was
sheared by extensive sonication to provide DNA fragments
of 160 base pairs (bp) on average (Figures S4A and S4B),
ensuring that no bias is due to long DNA fragments. After cross-
link reversal, DNA reads from high-throughput sequencing were
aligned with the genome of reference and enrichment in ParBF-
specific immunoprecipitated (IP) DNA was only found on F
plasmid (Figures 4A and S4C), not on the E. coli chromosome.
The maximum of IP DNA reaches 1,700 reads/bp at parSF, well
above the intrinsic background level. Strikingly, the ChIP-seq
signal drops abruptly at the border of the centromere region,
with centromere sequences showing a signal 2.5-fold larger
than neighboring sites (Figure 4A arrows). Then, it decreases
gradually over a large region of DNA with ParBF binding extend-
ing over5 kb on the left and15 kb on the right of parSF. On the
left side of parSF, the change occurs near the locus incC (repre-
sented as a vertical yellow bar in Figure 4A), which corresponds
to an array of essential binding sites for the replication initiator
RepE (Uga et al., 1999). This suggests that the assembly of a
large nucleoprotein complex may perturb, but does not prevent,
the ability of ParBF to propagate over long distances. A similar
change in the slope on the right side of parSF (25 kb)may corre-
spond to factors bound to a yet-unidentified locus.
To understand the molecular mechanism giving rise to this
gradual decrease, we tested the capacity of the two current
models (see Introduction) to describe our experimental data.
In the filament model, ParBF spreads uni-dimensionally on
DNA from the centromere (Rodionov et al., 1999). This model
predicts an exponential decrease with the distance in the
ChIP-seq signal (McCoy and Wu, 1973). This prediction is
incompatible with the observed experimental behavior over
the full range of the genomic coordinates and for physically
reasonable parameters (Figures 4A inset, S5B, S5C, and S5G).
The spreading and bridging model (Figure S5D; Graham et al.,
2014), predicts a ParB-binding profile decreasing linearly fromparS (Broedersz et al., 2014). This is not observed in our
ChIP-seq assay (Figures 4A inset and S5G).
We therefore considered a new model capable of describing
our data and previous findings in the literature, with two main
properties (Figures S5E and S5F): (1) Starting from microscopy
evidence (Figure 2), we assume that ParBF forms a highly
confined focus around parS. (2) ParBF can bind non-specifically
to the plasmid DNA inside the focus according to the configura-
tion of the plasmid in space. We expect this configuration to be
weakly influenced by ParBF-ParBF interactions due to the entan-
glement of the plasmid in the dense environment of the nucleoid.
This model, based on stochastic ParBF binding, predicts that
the probability of contact between ParBF, concentrated at the
centromere, and DNA sequences, at any distance from parSF,
would be determined by the spatial configuration of the DNA,
modeled as an ideal (Gaussian) polymer in a dense DNA solution
(de Gennes, 1979; Schiessel, 2013). In particular, it is well known
that the return to the origin probability of a polymer follows a po-
wer law distribution with an exponent of 1.5 (de Gennes, 1979;
Schiessel, 2013). Importantly, such a distribution fits the right
(over 10.5 kb; coordinates 14.1–24.6) and the left (over 2.1 kb;
coordinates 11.3–13.4) sides of our ChIP-seq signal reasonably
well (Figures 4A, inset, S5E, and S5G). Thus, this model supports
a mechanism in which ParBF explores the region around the
centromere by three-dimensional (3D) stochastic binding. Other
curve fittings are not formally excluded (Figure S5), but our
model provides the best and simplest explanation for describing
the high-resolution data, compared to previous models.
The Assembly of the Partition Complex Requires
Synergistic Protein-Protein and Protein-DNA
Interactions
To investigate the molecular mechanism by which ParBF could
mediate long-range DNA interactions, we analyzed the formation
of ParBF complexes on large DNA fragments (144 bp) containing
only one ParBF-binding site using the electrophoretic mobility
shift assay (EMSA; Figure 4Bi). As previously described, ParBF
specifically binds to the 16-bp parSF sequence with high affinity
(2.5 nM; Ah-Seng et al., 2009). At 10 nM ParBF, nearly all the
parSF DNA probe (C144) was shifted to a discrete and specific
complex (B1). A second discrete complex (B02) was detected
above 30 nM ParBF and represented half of the shifted com-
plexes 500 nM. A third complex (B03) was also detected above
300 nM. We focused our investigations on the interaction
required for the formation of the B02 complex. Because EMSA
was performed in the presence of a large excess of nsDNA,
the B02 complex was not expected to arise from non-specific
binding outside the parSF sites. This was also excluded by
(1) comparing the shifted pattern of a parSF and non-specific
probes in the same EMSA gel (Figure S6A), showing that a
nsDNA complex (NS1) appeared at a concentration of ParBF
(1 mM) well above the 30 nM needed to detect the B02 complex,
and (2) assaying ParBF binding to nsDNA by EMSA without an
excess of competitor nsDNA (Figure S6B), showing that a com-
plex (NS1) was observed only above 200 nM. From these results,
we conclude that the formation of secondary binding complexes
requires additional interactions beyond nsDNA binding.
We then performed EMSA with a smaller, 30-bp probe (C30;
Figure 4Bv). We found that the formation of B1 complexes isCell Systems 1, 163–173, August 26, 2015 ª2015 Elsevier Inc. 167
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Figure 4. ParBF Binds Stochastically
Outside parSF upon ParB-parS, ParB-ParB,
and ParB-nsDNA Interactions
(A) High-resolution ChIP-seq of ParBF-binding
pattern. Formaldehyde-treated cells carrying F
plasmid were immunoprecipitated with anti-
ParBF antibodies. The DNA recovered was
quantified by deep sequencing (50 106 reads
per library). The number of reads is plotted versus
the nucleotide coordinates of pOX38B. For
clarity, only the reads between 7 and 34 kb are
shown; red and green dots correspond to reads
on the left and right sides of parSF, respectively.
The black line corresponds to the average num-
ber of reads per 100-bp windows. The baseline
level (90 reads/bp; dashed gray line) was deter-
mined by averaging reads per bp on F plasmid
with the exclusion of the ParBF-binding zone
(7–27 kb). Black arrows indicate the drop in reads
on either side of parSF. The blue, yellow, and rose
vertical boxes represent parSF, ori2 iterons,
and incC positioning, respectively. See also Fig-
ure S4C. Inset: comparison between the ChIP-
seq density profile and the different model
predictions. The same dataset with binning over
100 bp is shifted to locate parS at the origin. The
number of reads, plotted in density per site, is
displayed only for the right side of parS for clarity
(black). The predictions of the spreading (red
curve; fast decrease from parS to an average
coverage value), the spreading and bridging (blue
curve; linearly decreasing profile), and the sto-
chastic binding (green curve; power law distri-
bution) models are displayed in density per site.
See Figure S5 for the definition of these models
and the details of the modeling.
(B) Formation of secondary ParBF-DNA com-
plexes, requiring long DNA fragments. EMSA were
performed with 32P-labeled DNA fragments of
decreasing length carrying a single parSF (Table
S1). Reaction mixtures containing 100 mg/ml
sonicated salmon sperm DNA were incubated in
the absence () or the presence of increasing
concentrations of ParBF (black triangle; 0, 10,
30, 100, 300, and 1,000 nM). The position of
free and ParBF-bound probes is indicated on
the left. B1 represents complexes involving the
specific interaction on the 16-bp binding site,
while B02 and B03 complexes represent second-
ary complexes involving a parSF site with one
or two additional nsDNA-binding interactions,
respectively.
(C) DNA spacing variation between two adjacent
binding sites, revealing that the ParBF dimer
could bind every 16 bp without steric hindrance.
Top: sequences of ‘‘Cn’’ probes, with n corre-
sponding to the number of bp between the
first (green) and the second (red) parSF sites. The
top sequence corresponds to the consensus
sequence between two adjacent parSF sites
(inverted arrows). On the right is the schematic position of ParBF-binding sites relative to the face of the double helix. Bottom: EMSA performed as in (B), with
B1 and B2 representing complexes involving one or two specific interactions with the 16-bp binding sites, respectively.as efficient as with C144 probe (Figure 4Bi). However, no sec-
ondary B02 complex was detected even at a high concentration,
indicating that a minimum amount of DNA flanking the parSF site
is required for the formation of the B02 complex. It also excludes168 Cell Systems 1, 163–173, August 26, 2015 ª2015 Elsevier Inc.the possibility, proposed by Schumacher et al. (2010), that each
monomer of a ParBF dimer could contact different DNA mole-
cules. By performing competition experiments with increasing
concentration of unlabeled parSF-carrying DNA fragments of a
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Figure 5. Footprinting Analyses Reveal No Protection Pattern
Outside Specific ParBF-Binding Sites
DNase I footprinting assays on DNA probes were performed in vitro (A and B)
and in vivo (C and D). Head-to-head arrows correspond to the 16-bp parSF
sites.
(A and B) DNase I footprints on DNA fragments carrying one (A; C144) or two
(B; C223) naturally 43-bp spaced ParBF-binding sites. ParBF concentrations
(in nanomolars) are written on top of the gels, and  indicates reactions per-
formed in the absence of competitor DNA. Normalized densitometric scans of
gels are shown with black and red lines corresponding to footprints in the
absence or the presence of 2,000 nM ParBF, respectively. In (A), the left part
corresponds to sequencing reactions of the C144 probe.
(C and D) Exponentially growing cells, induced (+) or not () for parBF
expression, subjected to in situ DNase I treatment. Normalized densitometric
scans are shown with red, and black lines correspond to ParBF induced or
uninduced. In (D), only the scans are shown. The first and last repeats of the
centromere (see Figure S1A) were not protected, indicating that these two
slightly degenerated parSF sites were not bound by ParBF in vivo.different size (Figure S6C), we also exclude the possibility that
B02 complexes arise from the assembly of two ParBF dimers
on two DNA molecules.
Next, we investigated the minimal length of the flanking DNA
outside the 16-bp parSF site required for B
02 complex formation,
using probes of decreasing lengths with centrally located parSF
sites (Figures 4Bii–4Biv). B02 complexes were observed with a
C60 probe but were barely detectable with C40 and were not
detectable with C36, indicating that the minimal length of flank-
ing DNA is 12 bp (Table S1). Interestingly, the DNA with the
longest sequence flanking parS produced the most B02 com-
plex, suggesting that the amount of nsDNA close to the parSF-
binding site is key for B02 complex formation.
All together, these results strongly suggest that B02 complex
formation does not result from a unique interaction but rather
requires the combination of ParBF-ParBF (dimer-dimer) and
ParBF-DNA interactions.
The Lowest Distance between Two Bound ParBF Dimers
without Steric Hindrance Is 16 bp
ParBF-binding sites are regularly spaced every 43 bp in the
centromere sequence, each 16-bp site being separated by
27 bp (Figure S1A). This spacing corresponds to four helical
turns of the DNA helix (B form), implying that ParBF dimers
should bind to the same face of the DNA. To determine the
closest distance between two sites that support two ParBF di-
mers without steric hindrance, we performed EMSA with 63-bp
DNA fragments that carry two ParBF-binding sites; the second
site was moved by steps of 5 or 6 bp relative to the first site (Fig-
ure 4C). With the two ParBF-binding sites naturally spaced by
43 bp (probe C43), we observed two discrete complexes, B1
and B2 (left panel); the former is more abundant at the lowest
ParBF concentrations, while the latter is more abundant at the
highest concentrations, as expected. All probes tested dis-
played this pattern, even when two sites were juxtaposed
without separation (probe C16, right panel), and no difference
in binding efficiency was observed. Accordingly, an additional
ParBF dimer is able to bind non-specifically between two
naturally spaced parSF sites at ParBF concentrations. However,
this extra binding occurs only at a concentration above 1 mM
(Figure S6D). Together, these results clearly reveal that no
steric hindrance prevents ParBF from assembling every 16 bp
along DNA.
Partition Complexes Do Not Assemble as Stable
Nucleoprotein Complex Outside the Centromere
High-resolution ChIP-seq and subsequent modeling data
(described earlier) strongly suggest that ParBF propagation
does not involve 1D spreading on DNA. However, our finding
that ParBF could assemble every 16 bp does not rule out that
lateral spreading could stabilize short patches of ParBF by near-
est-neighbor interactions near parSF, as suggested by Graham
et al. (2014) and Broedersz et al. (2014). To discriminate between
these two possibilities, we measured the DNA sensitivity to
cleavage close to parSF by performing in vitro DNase I footprint-
ing assays (Figures 5A and 5B). As expected, we observed a
strong protection on the 16-bp inverted repeat binding sites.
However, no protection outside or between the specific binding
sites was detected, independent of the presence or absence ofCell Systems 1, 163–173, August 26, 2015 ª2015 Elsevier Inc. 169
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Figure 6. Assembly Mechanism and 3D Architecture of the Partition
Complex
(A) ParB protein interactions with its partners. The ParB dimer has a strong
affinity for the parS DNA site (thick arrow) and weak affinities (thin arrow) for
nsDNA and itself.
(B) Nucleation and caging model. The high-affinity parS site strongly binds a
ParB dimer (left). The transient interactions of ParB with itself and with ParB-
nsDNA provide a network of weaker interactions that nucleates the formation
of a highly confined ParB zone (middle). By preventing fast ParB diffusion away
from the ParB/parS complex, these independent but synergistic interactions
actively cluster most ParB around parS (right). Importantly, the DNA in the
vicinity of parSwould preferentially enter this high-density region of ParB. This
results in the stochastic binding of ParB over the centromere-proximal DNA
sequences, which depend on the natural loops of the DNA, and leads to the
observed power law decrease in ParB density occurring over a large genomic
distance. The power-law (dash lines) describes the assembly of the F plasmid
partition complex based on the nucleation and caging model. The F centro-
mere is schematically drawn with a black rectangle (only two specific sites are
depicted for clarity) to which ParBF dimers bind with high affinity. Additional
ParB dimers are attracted to the vicinity of ParB/parS by the network of ParB
interactions. The green and red lines represent the DNA adjacent to parS on
the right and left sides, respectively. The assembly of nucleoprotein com-
plexes, such as paired RepE/iteron complexes (purple hexagons) on the left
side of parSF may reduce the spatial proximity of the surrounding DNA regions
from the partition complex. Such an effect, by decreasing the probability that
these DNA regions stochastically contact the centromere DNA, may explain
the asymmetric distribution of ParB binding on both centromere sides.competitor DNA, indicating that ParBF-binding adjacent to parSF
is too dynamic to be detected by in vitro DNase I footprinting.
We have shown that more than 90% of ParBF is clustered
in vivo (Figure 2), giving rise to very high local concentrations
(>100 mM) that could be involved in the stabilization of lateral
spreading. To test this possibility, we investigated the DNA pro-
tection near parSF by performing in situ footprinting assays (Fig-
ures 5C and 5D). Although we readily observed ParBF-specific
protection on consensus parSF repeats, no evidence for an
altered pattern outside parSF or between these sites was de-170 Cell Systems 1, 163–173, August 26, 2015 ª2015 Elsevier Inc.tected, revealing that in vivo ParBF dimers have also low binding
affinity surrounding the centromere sites. These results strongly
suggest that ParBF binding is not stabilized by nearest-neighbor
interactions (1D polymerization) with strongly bound ParBF on
parSF-specific sites and question the formation of small patches
of ParBF along DNA by lateral interactions.
DISCUSSION
Here, we used a highly complementary set of in vivo and in vitro
approaches that collectively allowed us to unravel the in vivo as-
sembly mechanism of an archetypical bacterial partition system.
Single-molecule super-resolution microscopy on live cells al-
lowed for the precise estimation of the sub-cellular localization
and composition of ParB complexes and provided an upper
bound for their physical size. To obtain genomic specificity of
localization of ParB within partition complexes, we used
genome-wide approaches. Uniquely, the specificity and accu-
racy of this method allowed us to directly test different models
for the partition complex assembly using mathematical
modeling. Finally, we revealed the interaction network respon-
sible for the mechanism of assembly of these complexes by
biochemical methods.
ParB Propagates from the Centromere by Stochastic
Binding: The Nucleation and Caging Model
The twomost prominent models for the mechanism of binding of
ParB to centromere regions (see Figure 1) require ParB to spread
uni-dimensionally away from parS by forming nucleofilaments
along DNA (Broedersz et al., 2014; Graham et al., 2014; Murray
et al., 2006; Rodionov et al., 1999). Our data and other
published observations are not in agreement with these models
(for additional discussion of our detailed arguments, refer to Sup-
plemental Experimental Procedures). Rather, our observations
support a conceptually new and simpler molecular mechanism
for partition complex assembly that we term the nucleation and
caging model. In this model, the centromere acts as a protein
nucleation center, while synergistic protein-protein and pro-
tein-DNA interactions are responsible for spatially entrapping
ParB around parS sites (Figures 6B, S5E, and S5F). The key
sequential elements of our model are as follows.
(1) ParB dimers bind with high affinity (in the nanomolar
range; Ah-Seng et al., 2009; Funnell, 1991) to a limited
number of parS sites, acting as a strictly required nucle-
ation center that attracts the large majority of the cellular
pool of ParB (>90%; Figure 2).
(2) Interactions of ParB dimers with nsDNA and other ParB
dimers lead to the 3D entrapment of ParB around parS
sites. ParBs from F plasmid, as well as from other sys-
tems, are able to interact with nsDNA at low affinities (in
the sub-micromolar range; Figures 4B and S6). The for-
mation of secondary ParBF complexes on nsDNA adja-
cent to parS site, mimicking the propagation of ParB on
DNA, requires both ParB-ParB (dimer-dimer) and ParB-
nsDNA synergistic interactions (Figures 4B and S6). The
length dependency of the nsDNA in the efficiency of form-
ing secondary complexes also clearly argues for the com-
bined involvement of both interactions. Moreover, under
the high local ParB concentrations (>100 mM; Figure 2),
low-affinity interactions between different free or bound
forms of ParB (depicted in Figure 6A) may occur at very
high frequencies. ParB dimers dissociating from these
low-affinity sites will be locally entrapped by multiple,
low-affinity interactions with nsDNA and other ParB di-
mers spatially confined around parS sites (Figure 6B).
(3) ParB acts as a probe of the local, 3D DNA structure
around centromeres. The distribution of ParBF around
parS obtained in vivo at high resolution (Figures 4A and
S5G) can be fit by a power law, which describes the fre-
quency of a polymer returning to a finite region around
the origin (de Gennes, 1979; Schiessel, 2013). Our data
and modeling are consistent with the binding pattern of
ParBF, resulting directly from the probability of the sto-
chastic ParBF binding to nsDNA neighboring parS, where
ParBF is highly concentrated. Although other models are
not excluded, and future work will be required to deeply
explore these possibilities, the nucleation and caging
model provides the best and simplest explanation for
the near-nucleotide resolution ChIP-seq data.
We propose that the high frequency of protein-protein and
protein-DNA interactions anchored at the centromere site and
the folded polymer conformation of DNA, which provides the lat-
tice for spatially confining ParB around parS, leads to a caging
effect (Figure 6B). In contrast to the spreading and bridging
model, the nucleation and caging model does not require near-
est-neighbor interactions to stabilize even small ParB nucleofila-
ments that would bridge and loop DNA over long distances. In
our model, all mutations that disrupt any of the interactions
would prevent the formation of clusters, as observed with ParB
deficient in (1) parS-specific binding (ParBF-R219A; Figure 2H)
or (2) DNA binding (triple mutation in the HTH domain; Figure 2I).
The behavior of the mutant G77S (ParBBsu), expected to be
impaired only in the ParB-ParB (dimer-dimer) interaction (Breier
and Grossman, 2007), is also consistent with our model,
because in vivo it neither forms clusters nor spreads. ParB-
induced DNA condensation as observed with in vitro single-
molecule assays (Graham et al., 2014; Taylor et al., 2015) could
occur but is not required by our model. Diffusion of proteins
along the DNA contour (1D sliding) was shown to be limited
to 40–100 bp (Halford and Marko, 2004; Hammar et al.,
2012). This sliding length corresponds to the resolution of our
ChIP-seq data and is considerably smaller than the spread of
the ChIP-seq signal observed around parS sites (>10 kb).
Thus, we do not expect 1D sliding to have a significant effect
on our modeling.
Interestingly, the ParB density profile extends to different
lengths on the right and left sides of parSF. On the left side of
the centromere, the profile changes near two iteron loci (incC
and ori2; Figure 4), onto which large nucleoprotein complexes
assemble and pair together upon binding of the replication initi-
ator RepE (Das and Chattoraj, 2004; Uga et al., 1999). Similar
RepA/iterons complexes on plasmid P1 were proposed to act
as a roadblock for ParBP1 propagation (Rodionov et al., 1999).
Our high-resolution ChIP-seq analysis of the ParBF-binding
pattern beyond these iteron regions indicates that RepE/iteron
complexes do not act as physical barriers but do disturb thelong-distance distribution of ParBF (Figure 4A inset). The nucle-
ation and caging model provides a reasonable explanation for
this phenomenon: formation of large and stable nucleoprotein
complexes may affect the local DNA organization, which would
reduce the spatial proximity between parSF and sequences
beyond the complexes (Figure 6B zoomed in), thus decreasing
the probability that ParBF binds these DNA sequences.
Mechanistic Implication of the Nucleation and Caging
Model
Concentrating ParB only at centromeres is essential for the parti-
tion process. In the nucleation and cagingmodel, the distribution
of ParB molecules in the vicinity of centromeres arises from
broadly conserved properties of the ParB family: parS-specific
binding, nsDNA binding, and dimer-dimer interactions. Our
nucleation and caging model, relying on these dynamic and
non-specific interactions between macromolecules that pro-
mote the active confinement of ParBs, proposes an universally
conserved assembly mechanism capable of acting on the
various type I parS sites existing in nature and allowing cognate
ParAs to position and segregate centromere regions indepen-
dently of parS sequences and organization (Hayes and Barilla`,
2006). It also explains why cells can segregate plasmids accu-
rately, despite fluctuations in the plasmid copy number: ParB
is expressed in vast excess, and the number of ParB molecules
per parS cluster equilibrates rapidly.
More importantly, our model suggests that ParA is exposed to
a very high local concentration of ParB without (1) requiring
centromeric sequences extending over large genomic distances
and (2) isolating the adjacent DNA into a well-ordered structure
that would prevent its accessibility to other processes or
interactions. Such a dynamic architecture may have been
proved evolutionarily advantageous, because it eliminates phys-
ical and topological constraints that would otherwise arise in the
origin of replication region where these partition systems are
located.
The nucleation and caging model also suggests that our
mechanistic understanding of how the most represented type
of bacterial partition complexes faithfully segregates is funda-
mentally incomplete. Type II and III partition mechanisms rely
on pushing well-ordered helical protein-DNA filaments with
actin- or tubulin-like polymers, respectively (Aylett and Lo¨we,
2012). In stark contrast, our model of the type I partition system
suggests that cytoskeletal ParA ATPases interact with a nucleo-
protein complex that is dynamic and not well ordered. It will be
interesting to understand how force and directed movement
are generated in such a system.
EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, and Growth Conditions
Strains, plasmids and growth conditions are described in Supplemental Infor-
mation. For microscopy assay, cultures were grown at 30C with aeration in a
supplemented M9 minimal medium (MGC; see Supplemental Information).
Photo-Activated Localization and Epi-Fluorescence Microscopy
Conventional microscopy and PALM imaging were performed as previously
described (Cattoni et al., 2013; Fiche et al., 2013). Single-molecule localiza-
tions were obtained by using MTT (Serge´ et al., 2008). Bacterial contours,
localization coordinates, automatic cell classification, and analysis of theCell Systems 1, 163–173, August 26, 2015 ª2015 Elsevier Inc. 171
distribution of localization events to detect and classify ParBF clusters were
processed using PALMcbs (Fiche et al., 2013). Size, number of events, and
cellular localization were calculated for each cluster. For details, see Supple-
mental Information.
ChIP Procedure
The ChIP procedure was adapted from (Cho et al., 2011) with some modifica-
tions; see Supplemental Information.
ChIP-Seq Analysis and Fit Procedure
A library of precipitated DNA from ChIP preparation was constructed by
adding 130-bpDNA adapters and sequencedwith Illumina technology. The re-
sulting sequences (50 106 reads per library) were aligned on pOX38B and
E. coli MG1655 genomes. Each dot plotted on the resulting graphs corre-
sponds to the first nucleotide of each DNA fragment aligned on the entire
genome.
Fit Procedure in ChIP-Seq Data Analysis
To fit the curves of ParBF binding measured by ChIP-seq, we plotted the
number of average reads per 100-bp windows versus the coordinates of
pOX38B either in a log-log or in a log-linear scale. We then performed a statis-
tical analysis (program Gnuplot) using the ordinary least-squares method
(Figure S5).
EMSA
Experiments were performed as described (Bouet et al., 2007) in the presence
of sonicated salmon sperm DNA as a competitor (100 mg/ml), using 0.3–1 nM
radiolabeled DNA probes generated by PCR or by annealing PAGE-purified
oligonucleotides. Proteins were purified as previously described (Ah-Seng
et al., 2009).
Footprint Assays
In vitro DNase I footprinting was performed using 10 nM 32P-labeled DNA, and
in situ DNase I footprinting was performed as previously described (Bouet and
Lane, 2009); see Supplemental Information.
ACCESSION NUMBERS
The accession number for the raw ChIP-seq data reported in this paper is
GEO: GSE67869.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and two tables and can be found with this article online at http://
dx.doi.org/10.1016/j.cels.2015.07.013.
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